Introduction
============

Nitrogen containing heterocycles are ubiquitous components of biologically active small molecules.[@cit1] For instance, piperazine, a representative diazaheterocycle, is the third most prevalent heterocycle in small molecule pharmaceuticals[@cit1] and can be found in bioactive molecules such as the antiviral natural product herquline A,[@cit2] the blockbuster psychiatric drug aripiprazole,[@cit3] and the HIV integrase inhibitor dolutegravir[@cit4] (as the oxidized counterpart, piperazin-2-one) ([Fig. 1](#fig1){ref-type="fig"}).

![Representative piperazine and piperazine-2-one pharmaceuticals and natural products.](c8sc03967d-f1){#fig1}

In the field of medicinal chemistry and fragment-based drug discovery, an emerging paradigm to enhance drug-like properties of small molecules involves reducing molecular flatness by incorporating chiral centers.[@cit5] This method of increasing molecular complexity can enhance binding affinity and specificity for a target, as receptor--ligand binding is often defined by three dimensional contacts.[@cit5b] Furthermore, depending on the chemical composition of the chiral center, other properties such as metabolism, aqueous solubility, and cell-penetration may be optimized.[@cit5a] The prevalence of piperazine in bioactive molecules makes it an excellent scaffold upon which to introduce chirality and increase molecular complexity. Chiral *gem*-disubstitution on any of four carbon atoms in the piperazine ring could dramatically alter physicochemical properties ([Fig. 2](#fig2){ref-type="fig"}). Despite this potential, there are no *gem*-disubstituted piperazines among the current 98 FDA approved piperazine-containing non-natural product derived drugs.[@cit6] In contrast, a significant number contain mono-substituted piperazines, which can be prepared through a variety of strategies,[@cit7] including cyclization of chiral precursors,[@cit7b]--[@cit7d] enantioselective hydrogenation of pyrazines,[@cit7e],[@cit7f] palladium-catalyzed cyclizations,[@cit7g]--[@cit7i] or asymmetric lithiation.[@cit7j],[@cit7k]

![Advantages of chiral *gem*-disubstituted piperazines.](c8sc03967d-f2){#fig2}

The dearth of piperazine *gem*-disubstitution in the pharmacopoeia highlights the significant challenge of installing fully substituted chiral centers into diazaheterocycles.[@cit8] The state of the art is perhaps best exemplified by the Bode laboratory\'s extensive development of tin (SnAP) and silicon (SLAP) coupling reagents to generate spiro-substituted piperazines ([Scheme 1a](#sch1){ref-type="fig"}).[@cit9] However, this method is not yet enantioselective and involves potentially toxic tin reagents. Other non-enantioselective methods to synthesize *gem*-disubstituted piperazines include \[4 + 2\] cycloadditions of 1,2 diamines with propargyl alcohols developed by Rawal ([Scheme 1b](#sch1){ref-type="fig"}),[@cit7g] and the ring expansion of oxetane spirocycles by Carreira ([Scheme 1c](#sch1){ref-type="fig"}).[@cit10]

![Existing approaches for *gem*-disubstituted piperazines and piperazinones.](c8sc03967d-s1){#sch1}

To our knowledge, the only method enabling the highly enantioselective synthesis of *gem*-disubstituted piperazines was published by our group in 2015.[@cit11] We leveraged the palladium-catalyzed decarboxylative asymmetric allylic alkylation reaction to synthesize chiral α,α-disubstituted *N*4-benzylated piperazin-2-ones ([Scheme 1d](#sch1){ref-type="fig"}). These piperazin-2-ones could then be reduced into desirable chiral *gem*-disubstituted piperazines. However, we encountered two issues during the course of our attempts to utilize this method to synthesize disubstituted piperazines for medicinal chemistry purposes: first, the optimal nucleophilic benzyl-protected N4 significantly complicated substrate synthesis *via* nucleophilic side reactions, leading to low yields of products. As a result, we failed to synthesize many desired substrates *via* standard enolate functionalization of the dicarbonyl precursor. Instead, we resorted to a low-yielding 5-step convergent sequence beginning from an amino acid ([Scheme 2a](#sch2){ref-type="fig"}). As a result, our substrate scope displayed limited functional group diversity. Second, in the course of working with a *N*4-PMB-protected piperazin-2-one, we failed to remove the recalcitrant PMB group using a variety of common cleavage conditions that were orthogonal to the sensitive allyl functionality.

![Comparison of routes to piperazin-2-one decarboxylative alkylation substrates.](c8sc03967d-s2){#sch2}

Results and discussion
======================

The substrate-dependent drawbacks of our approach leave room for an improved method to synthesize chiral disubstituted piperazines. In an effort to expand upon our group\'s longstanding interest in transition-metal catalyzed allylic alkylation, we sought to identify an alternative protecting group that could overcome the aforementioned limitations by enabling both facile substrate synthesis and protecting group cleavage. After extensive explorations directed toward this goal, we were pleased to discover that replacing the *N*4-benzyl protecting group with a simple Boc (*tert*-butoxycarbonyl) protecting group addressed the issue of difficult substrate synthesis. Presumably, the electron-withdrawing Boc group attenuates the nucleophilicity of N4, enabling divergent access to a wider array of substrates **3***via* enolate functionalization of dicarbonyl compound **2**, which could be synthesized in only two steps from Boc-piperazinone **1** ([Scheme 2b](#sch2){ref-type="fig"}, see the ESI[†](#fn1){ref-type="fn"} for full synthetic details).

With a streamlined approach toward a wide range of decarboxylative alkylation substrates, we began optimizing the reaction conditions: with model substrate **3m**, conditions based on our previous report[@cit11] using 10 mol% (*S*)-(CF~3~)~3~-*t*-BuPHOX ligand and 4 mol% Pd~2~(pmdba)~3~ in 0.014 M toluene gave the product **3m** in only 76% ee ([Table 1](#tab1){ref-type="table"}, entry 1). Other commonly used allylic alkylation ligands such as (*S*)-*t*-BuPHOX (**L2**) and (*S*,*S*)-ANDEN-Ph Trost (**L3**) were tested, both giving suboptimal enantioselectivities (entries 2 and 3). We then examined the effect of solvent on the enantioselectivity (entries 4--6), ultimately finding that 2 : 1 hexanes--toluene provided high yield and ee.

###### Optimization of the reaction conditions[^*a*^](#tab1fna){ref-type="fn"}

  ![](c8sc03967d-u1.jpg){#ugr1}                                  
  ------------------------------- -------- --------------- ----- ----
  1                               **L2**   Tol             75    76
  2                               **L2**   Tol             70    1
  3                               **L3**   Tol             83    52
  4                               **L1**   THF             ---   13
  5                               **L1**   MTBE            ---   80
  6                               **L1**   2 : 1 Hex/Tol   93    93
  ![](c8sc03967d-u2.jpg){#ugr2}                                  

^*a*^Screens performed on a 0.04 mmol scale.

^*b*^All reported yields are for isolated products.

^*c*^The ee values were determined by chiral SFC analysis. Bz = benzoyl, Boc = *tert*-butoxycarbonyl, pmdba = bis(4-methoxybenzylidene)acetone.

Employing these satisfactory reaction conditions, we then explored the substrate scope of the decarboxylative alkylation of various *N*4-Boc protected piperazinones ([Table 2](#tab2){ref-type="table"}). We first tested the α-monosubstituted piperazinone **3a**, finding that typical conditions in a 0.033 M solution of toluene afforded the product **4a** in high yield and enantioselectivity. Another monosubstituted piperazinone **4b** with a N1-anisoyl protecting group, was also obtained in high yield and ee. Furthermore, replacement of the *N*4-Boc protecting group with Cbz (**3c**), and 2-chloro substitution of the allyl group (**3d**) similarly provided good results.

###### Substrate scope exploration[^*a*^](#tab2fna){ref-type="fn"}
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^*a*^Conditions: piperazin-2-one **3** (1.0 equiv.), Pd~2~(dba)~3~ (4 mol%), (*S*)-(CF~3~)~3~-*t*BuPHOX (10 mol%), in 2 : 1 hexanes/toluene (0.014 M) at 40 °C for 12--24 h.

^*b*^Pd~2~(pmdba)~3~ (4 mol%) instead of Pd~2~(dba)~3~.

^*c*^Toluene (0.033 M) instead of 2 : 1 hexanes/toluene. All reported yields are for isolated products. The ee values were determined by chiral SFC analysis. An = 4-methoxybenzoyl, dba = dibenzylideneacetone.

Next, we examined α,α-disubstituted substrates, finding that for the simple cases of methyl substitution (**3e**, **3f**), performing the reaction at 0.033 M concentration in toluene gave high yields and ee, with no improvement with the use of 2 : 1 hexanes--toluene at 0.014 M concentration. The exception was *N*4-benzoyl protected substrate **3g**, which in our previous work gave 52% ee in toluene;[@cit11] under our optimized conditions in 2 : 1 hexanes--toluene, the substrate gave an improved albeit modest ee of 70%. Larger substituents such as α-benzylated compound **3h** or benzyloxymethyl ether **3i** required the use of 2 : 1 hexanes--toluene to achieve high enantioselectivity. This unique mixed-solvent requirement was observed in all substituents other than methyl. A wide range of functional groups was tolerated: notably, the nitrile, ketone, and methylcarbamate substrates, which could not be accessed in our previously described efforts, gave high ee and yields (**3j--m**).

With the *N*-Boc piperazin-2-one substrates providing excellent results, we wondered whether an isomeric substrate class, the *N*-Boc tetrahydropyrimidin-2-ones (**5**), would perform similarly as well ([Scheme 3C](#sch3){ref-type="fig"}). The resulting α,α-disubstituted tetrahydropyrimidin-2-one products (**6**) are especially interesting as they may be hydrolyzed to afford valuable β^2,2^-amino acids (**7**), which are used in peptidomimetic therapeutics and in the design of unnatural peptides and proteins with unique secondary and tertiary structures.[@cit12] In fact, there is strong precedent for an allylic alkylation approach toward β^2,2^-amino acids. In 2018 the Shibasaki group described the decarboxylative allylic alkylation of an N,O heterocycle to set the quaternary stereocenter, followed by N--O bond heterolysis to generate β^2,2^-amino acids ([Scheme 3A](#sch3){ref-type="fig"}).[@cit13] Later in 2018, Cossy and co-workers described a similar approach involving intermolecular allylic alkylation ([Scheme 3B](#sch3){ref-type="fig"}).[@cit13b] Notably, the substrate scope for these two examples is limited to mostly α-benzylic and α-aryl compounds. If decarboxylative alkylation could be achieved with the versatile tetrahydropyrimidin-2-one scaffold, a broader range of chiral β^2,2^-amino acids might be accessible ([Scheme 3C](#sch3){ref-type="fig"}). Additionally, tetrahydropyrimidinones may be reductively transformed into hexahydropyrimidines, which are found in bioactive molecules such as the antibiotic hexetidine and the macrocyclic natural product verbamethine.[@cit14]

![Synthetic approaches toward β^2,2^-amino acids using the allylic alkylation reaction.](c8sc03967d-s3){#sch3}

Beginning our investigations with methyl substrate **5a** ([Table 3](#tab3){ref-type="table"}), we were pleased to find that our optimized conditions in 2 : 1 hexanes--toluene furnished the desired decarboxylative alkylation product **6a** in high yield and ee. The reaction proved amenable to a variety of α-substituents, including ethyl (**6b**), methyl ester (**6c**), 2-chloroallyl (**6d**), and benzyl (**6e**). Furthermore, the reaction is scalable, with the benzyl substrate **5e** giving good results in a 1 gram reaction. In contrast, the nitrile and benzyloxymethyl ether products **6f** and **6g** were isolated with reduced enantioselectivities. Pleasingly, the fluorine and propargyl substrates **5h** and **5i** performed well, and may serve as a precursor to a novel fluorinated β^2,2^-amino acid, or for biorthogonal click reactions, respectively.

###### Pd-Catalyzed decarboxylative alkylation of tetrahydropyrimidin-2-ones. Scope of α-substituents[^*a*^](#tab3fna){ref-type="fn"}
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^*a*^Conditions: tetrahydropyrimidin-2-one **5** (1.0 equiv.), Pd~2~(pmdba)~3~ (4 mol%), (*S*)-(CF~3~)~3~-*t*BuPHOX (10 mol%), in 2 : 1 hexanes/toluene (0.014 M) at 40 °C for 12--24 h. All reported yields are for isolated products.

^*b*^Reaction performed with 1 gram of substrate **5e**. The ee values were determined by chiral SFC analysis.

Having demonstrated excellent results for the decarboxylative alkylation of piperazin-2-ones and tetrahydropyrimidin-2-ones, we began exploring their synthetic utility. In contrast to the relative difficulty of removing the *N*4-benzyl type protecting groups in our previous work, both Boc groups of **4m** were easily removed by treatment with excess TFA to give aminopiperazinone **8** ([Scheme 4a](#sch4){ref-type="fig"}). With LiOH, the benzoyl group could be orthogonally removed to provide the free amide **9** ([Scheme 4b](#sch4){ref-type="fig"}). The amide **9** could then be reduced with LiAlH~4~ to the corresponding chiral aminopiperazine **10**. To further illustrate the synthetic versatility realized by Boc-deprotection of N4, we hydrogenated the allyl olefin of methyl piperazinone **4e** before cleaving the Boc group to obtain **11**. We then applied Gaunt\'s[@cit15] method of C--H carbonylation on the aliphatic amine of **11** to forge the fused β-lactam **12**, which bears resemblance to the core of various β-lactam antibiotics and β-lactamase inhibitors ([Scheme 4c](#sch4){ref-type="fig"}). Lastly, we transformed four tetrahydropyrimidinone substrates, **6c--e** and **6h**, into their corresponding acyclic forms ([Scheme 4d, e](#sch4){ref-type="fig"}). Using a two-step protocol involving TFA-mediated Boc cleavage followed by saponification with LiOH, we successfully obtained the crude β^2,2^-amino acid ([Scheme 4d](#sch4){ref-type="fig"}); to facilitate silica gel chromatographic isolation, we chose to mask the free amine and carboxylic acid with Boc and benzyl groups, respectively, resulting in protected β^2,2^-amino acid **13**. We note that in this four step sequence, we only performed one chromatographic separation to isolate the protected β-amino acid. In contrast, novel unprotected β^2,2^-amino acids **14--16** bearing pendant carboxylic acid, chloroallyl, and fluorine atom functional groups could be obtained directly by purification with reverse phase preparatory HPLC following the two-step deprotection sequence ([Scheme 4e](#sch4){ref-type="fig"}).

![Product derivatization: (a) Boc cleavage to the free amine. (b) Benzoyl cleavage and reduction to the piperazine. (c) Boc cleavage, allyl hydrogenation, and C--H carbonylation of the free amine. (d, e) hydrolysis and subsequent protection of the β^2,2^-amino acid. ^f^KOH, 1 : 1 MeOH/H~2~O, rt; then, HCl, MeOH, rt. BQ = benzoquinone. Piv = pivalate.](c8sc03967d-s4){#sch4}

Conclusions
===========

In summary, we have developed a decarboxylative asymmetric allylic alkylation reaction to synthesize unprecedented chiral α,α-disubstituted piperazin-2-ones and tetrahydropyrimidin-2-ones. This work represents a significant improvement upon existing technology, featuring ease of substrate synthesis, facile *N*4-Boc deprotection, and broader substrate scope. The resulting piperazinones can be transformed into valuable chiral *gem*-disubstituted piperazines that are anticipated to provide stereodefined access to new chemical space in drug discovery. Similarly, the tetrahydropyrimidinone scaffold could be hydrolyzed to provide access to corresponding protected and free β^2,2^-amino acids. We anticipate this decarboxylative allylic alkylation protocol will find utility in the field of medicinal chemistry as well as in natural products synthesis.
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